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INTRODUCTION
Uranyl molybdates are common constituents of UMo deposits (Finch & Murakami 1999) , and as such are important for understanding the genesis of U deposits. Recent studies have shown that uranyl molybdates also form from the corrosion of spent nuclear fuel under conditions similar to those expected in the proposed geological repository at Yucca Mountain (Buck et al. 1997 , Finch et al. 1999 . These compounds thus may be important radionuclide-bearing phases during evolution of the repository. Inspired by the significance of uranyl molybdates, we have undertaken a detailed study of their crystal chemistry. The first three papers of the series present a redetermination of the structure of umohoite (Krivovichev & Burns 2000a ), a refinement of the structure of iriginite (Krivovichev & Burns 2000b) O (x ≈ 0.4, n ≈ 6) was found as an alteration product on spent fuel exposed to a moist, oxidizing environment at 90°C (Buck et al. 1997) . This occurrence demonstrates the potential importance of uranyl phases in determining the mobility of radionuclides under conditions in a geological repository, as uranyl phases may incorporate a variety of fission products and transuranic elements into their structures (Burns et al. 1997a , Chen et al. 1999 , 2000 . Uranyl phases are likely also to be important in determining the mobility of radionuclides in low-temperature aqueous environments, such as in the vadose zone of the Hanford site in Washington, and in and about the 4 th block of the Chernobyl nuclear power plant.
EXPERIMENTAL
The crystals used in the current study were synthesized by hydrothermal methods. Crystals of the compound Cs 2 [(UO 2 ) 6 (MoO 4 ) 7 (H 2 O) 2 ] were grown from a solution of CsCl, MoO 3 and UO 2 (CH 3 COO) 2 •2H 2 O (0.0816, 0.0864 and 0.1176 g, respectively) in 5 mL of water. The solution was placed in a Teflon-lined Parr bomb and heated to 230°C for 10 days, followed by cooling to ambient temperature. The crystals occur as aggregates of transparent yellow needles up to 0.02 mm across and 0.5 mm in maximum length.
The compound (NH 4 ) 2 [(UO 2 ) 6 (MoO 4 ) 7 (H 2 O) 2 ] was obtained from a solution of (NH 4 ) 6 Mo 7 O 24 and UO 2 (CH 3 COO) 2 •2H 2 O (0.0388 and 0.0392 g, respectively) in 5 mL of water. The solution was placed in a Teflon-lined Parr bomb and heated to 180°C for 5 days, followed by cooling to ambient temperature. Transparent yellow plates resulted, up to 0.1 and 0.5 mm in maximum thickness and diameter, respectively.
One crystal of each compound was selected for data collection. The crystals were mounted on a Bruker threecircle diffractometer equipped with a SMART CCD (charge-coupled device) detector with a crystal-to-detector distance of 5 cm. Data were collected using MoK␣ X-radiation and frame widths of 0.3° in , with 10 s spent counting per frame. The unit-cell dimensions (Table 1) were refined from 1686 and 4136 reflections for M = Cs and M = NH 4 , respectively, using leastsquares techniques. A comparison of unit-cell parameters indicated that these phases are probably isostructural. More than a hemisphere of data was collected for each crystal, and the three-dimensional data were reduced and filtered for statistical outliers using the Bruker program SAINT. Data were corrected for Lorentz, polarization, and background effects. Semi-empirical corrections for adsorption were done for each crystal using intense reflections, with the crystals modeled as plates; reflections with plate-glancing angles less than 3° were discarded, which lowered R int from 7.4 to 3.7% for (Ibers & Hamilton 1974) . The Bruker SHELXTL Version 5 system of programs was used for the determination and refinement of the structures. Reflection statistics for each crystal indicated space group Pbcm. Both structures were solved by direct methods, which gave the positions of the U, Mo and Cs atoms. Anion positions were located on difference-Fourier maps calculated after refinement of the models using leastsquares techniques. Both structures were refined on the basis of F 2 for all unique data. The final models included anisotropic-displacement parameters for U, Mo and Cs, isotropic-displacement parameters for the other atoms, and weighting schemes (Table 1) (2) sites are 3.31(1) and 2.72(4) Å for M = Cs and NH 4 , respectively. This is in accord with the partial occupancies observed for the M(2) sites, as only one of each pair of symmetrically related M(2) sites may be occupied locally. The coordination polyhedra of M(1) and M(2) are listed in Tables 6 and 7 .
Structural formula
Consideration of the bond-valence sums incident upon O atom positions ( 
Description of the structure
The structures of M 2 [(UO 2 ) 6 (MoO 4 ) 7 (H 2 O) 2 ] possess a framework of vertex-sharing uranyl pentagonal bipyramids and molybdate tetrahedra (Fig. 1) . The connectivity of the framework results from the distribution of bond-valences in uranyl pentagonal bipyramids. The O Ur atoms receive ~1.7 vu from the U 6+ -O Ur bond, whereas the equatorial ligands only receive ~0.5 vu from the bond to the U 6+ cation at the center of the polyhedron. Where the equatorial ligands correspond to O atoms, an additional ~1.5 vu is required to satisfy their bonding requirements. Each vertex in a molybdate tetrahedron receives ~1.5 vu from the bond to the Mo 6+ cation, thus the sharing of an equatorial O atom of a uranyl pentagonal bipyramid with a molybdate tetrahedron results in ~2.0 vu incident upon the O atom, which satisfies its bonding requirements. In the case where an equatorial ligand of a uranyl pentagonal bipyramid is an H 2 O group, additional bonding is not required, and it is not possible for this ligand to be shared with a molybdate tetrahedron. Owing to the strength of the bonds within the uranyl ion, it is also not possible for O Ur atoms to bond to Mo 6+ cations; O Ur atoms may only form weak bonds to low-valence cations.
Each of the molybdate tetrahedra in the structures of M 2 [(UO 2 ) 6 (MoO 4 ) 7 (H 2 O) 2 ] share all ligands with uranyl pentagonal bipyramids. The Ur(2) 5 and Ur(3) 5 uranyl pentagonal bipyramids, in which all equatorial ligands correspond to O atoms, are shown in yellow in Figure 1a . Each of the equatorial O atoms of these pentagonal bipyramids is shared with molybdate tetrahedra, and in each polyhedron the uranyl ion is oriented subparallel to [001] . The Ur(1) 5 and Ur(4) 5 uranyl pentagonal bipyramids each contain a single H 2 O group; these polyhedra are shown in red in Figure 1a . Only the four O atoms that are equatorial ligands in these uranyl polyhedra are shared with molybdate tetrahedra; the remaining ligands correspond to the H 2 O groups, which are weakly bonded to M cations. In the Ur(1) 5 and Ur(4) 5 polyhedra, the uranyl ions are oriented subperpendicular to [001] .
The structures of M 2 [(UO 2 ) 6 (MoO 4 ) 7 (H 2 O) 2 ] may be conveniently described with reference to complex sheets of uranyl and molybdate polyhedra that are parallel to (001). These sheets contain all of the molybdate tetrahedra, as well as the Ur(2) 5 and Ur(3) 5 pentagonal bipyramids (Fig. 1a) . The sheet is shown projected along [001] in Figure 1b . Note that each uranyl pentagonal bipyramid shares vertices with five molybdate tetrahedra, but polymerization does not involve the sharing of polyhedron edges, nor does it involve the direct sharing of polyhedron elements between uranyl polyhedra. Those vertices of molybdate tetrahedra that are not shared within the sheets are shared with Ur(1) 5 or Ur(4) 5 pentagonal bipyramids that occur between the sheets (Fig. 1a) , resulting in the framework structure.
The structures of M 2 [(UO 2 ) 6 (MoO 4 ) 7 (H 2 O) 2 ] contain M cations that are located within voids in the framework. It is notable that there are no channels in the framework; thus the M cations are not likely to be susceptible to rapid exchange of ions where the crystals are in contact with a fluid phase. M(1) occurs within the complex sheets that contain the molybdate tetrahedra and Ur(2) 5 and Ur(3) 5 polyhedra, whereas M(2) is located between the sheets, and is coordinated by anions of the Ur(1) 5 and Ur(4) 5 polyhedra (Fig. 1a) . Burns et al. (1996) proposed a structural hierarchy for uranyl phases based upon the connectivity between those cation polyhedra of higher bond-valence. The structures were grouped into those containing isolated clusters, infinite chains, infinite sheets, and frameworks of polyhedra. Owing to the uneven distribution of bondvalences in uranyl polyhedra, sharing of edges and vertices between uranyl polyhedra and other cation polyhedra of higher valence occurs only through the equatorial polyhedron elements, favoring the formation of sheets of polyhedra. In the case of uranyl minerals, approximately 80% of known structures are based upon sheets of cation polyhedra of higher bond-valence.
DISCUSSION
It is interesting to note that uranyl molybdates crystallize in each of the four main structure-types. (Tali et al. 1993) and deloryite (Pushcharovsky et al. 1996) . Sheets of uranyl and molybdate polyhedra are found in the structures of umohoite (Krivovichev & Burns 2000a ), iriginite (Krivovichev & Burns 2000b) (Serezhkin et al. 1980a) , (UO 2 )(MoO 4 )(H 2 O) 2 (Serezhkin et al. 1980b) (Tali et al. 1994) .
The structural diversity in uranyl molybdates arises in part because Mo 6+ occurs in two coordination polyhedra: a tetrahedron and a distorted octahedron. The bond-valences associated with the individual Mo 6+ -bonds in these polyhedra are rather different, ~1.5 vu in the case of the tetrahedron, but ~1.0 vu for the octahedron. This is significant because an O atom that is part of a Mo 6+ 6 octahedron may be shared with two uranyl polyhedra, thus permitting the formation of relatively dense sheets (e.g., the umohoite-and iriginite-type sheets). Conversely, the O atom of a Mo 6+ O 4 tetrahedron can be shared with only a single uranyl polyhedron. As such, molybdate tetrahedra are not compatible with dense sheets, but rather tend to occur in open frameworks, isolated clusters, chains or open sheets.
